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After evolving in Africa at the close of the Miocene, mammoths (Mammuthus sp.)
spread through much of the northern hemisphere, diversifying morphologically as
they entered various habitats. Paleontologically, these morphs are conventionally
recognized as species. In Pleistocene North America alone, several mammoth
species have been recognized, inhabiting environments as different as cold tundra-
steppe in the north and the arid grasslands or temperate savanna-parklands of
the south. Yet mammoth phylogeographic studies have overwhelmingly focused
on permafrost-preserved remains of only one of these species, Mammuthus
primigenius (woolly mammoth). Here we challenge this bias by performing a
geographically and taxonomically wide survey of mammoth genetic diversity across
North America. Using a targeted enrichment technique, we sequenced 67 complete
mitochondrial genomes including non-primigenius specimens representingMammuthus
columbi (Columbian mammoth), Mammuthus jeffersonii (Jeffersonian mammoth),
and Mammuthus exilis (pygmy mammoth), including specimens from contexts
not generally associated with good DNA preservation. While we uncovered clear
phylogeographic structure in mammoth matrilines, their phylogeny as recovered from
mitochondrial DNA is not compatible with existing systematic interpretations of their
paleontological record. Instead, our results strongly suggest that various nominal
mammoth species interbred, perhaps extensively. We hypothesize that at least two
distinct stages of interbreeding between conventional paleontological species are
likely responsible for this pattern—one between Siberian woolly mammoths and
resident American populations that introduced woolly mammoth phenotypes to the
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continent, and another between ecomorphologically distinct populations of woolly and
Columbian mammoths in North America south of the ice.
Keywords: mammoths, phylogenetics, phylogeography, Pleistocene, North America, ancient DNA, targeted
enrichment
INTRODUCTION
The conventional dual-source view of New World mammoth
evolution (Harington, 1984; Agenbroad, 2005; Fisher, 2009;
Saunders et al., 2010) holds that the Late Pleistocene diversity
originated from two distinct, differently adapted ancestral
lineages (or species). After diverging from other elephantids in
the late Miocene, the earliest mammoths spread from Africa to
Eurasia, reaching the Siberian subarctic by the Early Pleistocene.
During the early Irvingtonian North American Land Mammal
Age (NALMA), 1.8–0.24 Ma, the primitive species Mammuthus
meridionalis (southern mammoth) entered North America over
the Bering Land Bridge. From this source arose the Columbian
mammoth, Mammuthus columbi, a widespread species adapted
to mid-continental parklands and grasslands, together with
perhaps one or two other more specialized taxa (Mammuthus
exilis, Channel Islands pygmy mammoth, and the eastern
woodlands Mammuthus jeffersonii, Jefferson’s mammoth).
Meanwhile, in western Beringia (Chukotka), a different
primitive species, cold-adaptedMammuthus trogontherii (steppe
mammoth), evolved into the woolly mammoth (Mammuthus
primigenius), which first entered northwestern North America
during the early Rancholabrean NALMA, 0.125–0.011 Ma.
Thereafter, woolly mammoths progressively moved southward
along steppe habitats bordering the Laurentide ice sheet,
eventually reaching the present-day Great Lakes region and
Atlantic Coast. Despite their success in expanding into almost
every habitable region within Late Pleistocene North America,
all mammoth species were extinct by the start of the Holocene or
shortly thereafter (Haile et al., 2009).
Lister and Sher (2015) recently challenged a central feature
of this model. On the basis of a detailed morphological
investigation of large samples of mammoth third molars, they
concluded that there is no acceptable evidence for the presence
of M. meridionalis in North America at any time during the
Pleistocene. In their analysis, specimens previously identified as
such either represent M. trogontherii or are too damaged or
ambiguous for secure placement. SinceM. columbi is universally
regarded as a North American endemic, it must have arisen from
the only available antecedent, M. trogontherii. As evidence of M.
meridionalis is also lacking in northeastern Eurasia, it follows that
M. trogontherii must also be the ancestor of the earliest known
examples of M. primigenius, which occur in western Beringia
and are dated on biostratigraphic grounds to the interval 0.8–
0.4 Ma (Lister and Sher, 2001). The steppe mammoth is thus
also the direct ancestor of later clades of woolly mammoths that
crisscrossed Beringia, both into and out of North America, prior
to their final extinction (Debruyne et al., 2008).
This new single-source hypothesis simplifies some aspects of
mammoth evolution in the New World, but does not resolve all
major puzzles. First, the strength of the morphological argument
depends fundamentally on the assumption that perceived
patterns of morphological change in mammoth molars were
unidirectional, at least on average. Two important characters,
average lamellar counts and relative crown height as a measure
of hypsodonty, are assumed to have uniformly increased over
the course of mammoth evolution, but to different degrees
in different lineages (Maglio, 1973; Lister, 1996; Todd and
Roth, 1996; Sanders, 2010). Thus, molars of M. meridionalis
are less hypsodont and simpler in lamellar construction than
those of M. trogontherii; likewise, typical M. columbi third
molars express lower hypsodonty indices and average lamellar
counts than those of M. primigenius. According to the dual-
source hypothesis, the distribution of states of these features
across time implies two directed evolutionary sequences, such
that meridionalis→columbi and trogontherii→primigenius. But
it is obvious that, given the assumption of unidirectionality,
in principle either of the two primitive mammoths could have
produced the North American taxa. Lister and Sher (2015)
concluded that the ancestor must have been trogontherii not only
because meridionalis teeth cannot be recognized unequivocally
in the North American record, but also because a handful of
other features, such as enamel thickness and skull and jaw
shape, also correlate with the primary features of the molars.
Nonetheless, these authors recognized that these assumptions
might be problematic if unidirectionality does not apply, and
acknowledged that, despite their exhaustive analysis, they cannot
completely discount the possibility that M. meridionalis might
have reached North America in an earlier, presumably dead-end
incursion.
Secondly, the single-source hypothesis requires that
temporally and biogeographically distinct populations of
M. trogontherii gave rise to the successor speciesM. columbi and
M. primigenius, which thereafter (it is assumed) prospered in
genetic isolation from each other. In particular, this hypothesis
requires a gap of well over 1 Ma between the imputed divergence
time of M. columbi in North America (?1.5 Ma) and the first
arrival of M. primigenius in eastern Beringia (?0.1 Ma), meaning
that the earliest interactions these species might have had
with each other would have been well within Rancholabrean
time. This timing possibly conflicts with recent genomic and
phylogeographic investigations (Hagelberg et al., 1994; Höss
et al., 1994; Ozawa et al., 1997; Krause et al., 2006; Barnes et al.,
2007; Debruyne et al., 2008; Gilbert et al., 2008; Nystrom et al.,
2010; Enk et al., 2011; Palkopoulou et al., 2013) which show
that the population dynamics of Late Pleistocene mammoths
were complex and reticulated, involving not only migratory
movements in both directions over the Bering Land Bridge
but also introgressions among nominal species or distinct
populations.
In an initial effort to explore this apparent conflict between
paleontological and genomic indicators of species boundaries,
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Enk et al. (2011) presented evidence supporting a more complex
genetic history forMammuthus in North America than is implied
by the conventional model of M. columbi and M. primigenius
having evolved independently for over a million years. In this
study, two terminal Pleistocene mammoth specimens, nominally
regarded as Columbian, were found to be mitochondrially more
closely related to North American woolly mammoths (closest to
Clade I/haplogroup C) than woolly mammoths from different
continents were to each other, indicating that at points in the
past, the two paleontological species had interbred. However,
given the severe limitation in samples, it could not be settled
whether these instances of woolly-Columbian mitogenomic
affinity were typical or exceptional. If exceptional, it is possible
that the lineages of the Columbian mammoths originally
studied had acquired woolly mammoth mitochondrial genomes
through hybridization events. There is behavioral precedent for
introgression among extant African elephants (Roca et al., 2005),
and some authors have suggested this might explain intermediate
woolly-Columbian morphologies (sometimes distinguished
taxonomically as M. jeffersonii) found in Pleistocene ecotonal
regions (Hoyle et al., 2004; Fisher, 2009). On the other hand, if
mitogenomic affinity between the two taxa is not exceptional
but rather the norm, it is plausible that North American
woolly mammoths acquired their mitochondrial genomes
from endemic North American populations that descended
from the initial invasion of M. trogontherii in the Middle
Pleistocene.
In order to address whether the signal retrieved by Enk et al.
(2011) is typical or exceptional for Columbian mammoths, a
survey of mitochondrial diversity in non-woolly North American
mammoths is needed. In addition to addressing questions of
mammoth systematics and behavior, such a survey would also
potentially allow us to examine the population structure and
dynamics of Mammuthus in previously uncharacterized parts of
their range.
The possibility of routinely assembling large phylogeographic
datasets from Pleistocene specimens found in low-latitude,
thermolabile contexts has only recently emerged. The relatively
dry and thermostable depositional contexts found at higher
latitudes more readily preserve DNA in fragment lengths
practical for gene resequencing with overlapping PCR amplicons
(Smith et al., 2003; Mitchell et al., 2005; Kircher, 2012).
The constraints imparted by PCR-based approaches have also
led to the predominant use of relatively short contiguous
sequences (<800 bp) for reconstructing the phylogeographic
history of mammoths and other megafauna (Barnes et al.,
2007; Debruyne et al., 2008; Nystrom et al., 2010; Palkopoulou
et al., 2013). Fortunately, recent technological advances in
targeted enrichment and high throughput sequencing now
permit efficient sequencing of the heavily fragmented DNA
typical of more exposed and thermolabile contexts (Bos et al.,
2011; Carpenter et al., 2013; Enk et al., 2013; Wagner et al.,
2014). Here we use these technologies to capture, sequence and
analyze the complete mitochondrial genomes of mammoths that
lived south of the Laurentide ice sheet. This enabled a broad
survey of North American mammoth mitogenomic diversity
and permitted a plausible reconstruction of certain aspects of
mammoth population structure and dynamics during the last
part of the Pleistocene.
MATERIALS AND METHODS
Specimen Sampling
Mammuthus hard and soft tissue specimens were sampled
from the University of Michigan Museum of Paleontology,
New York State Museum, Illinois State Museum, University
of Nebraska State Museum, Denver Museum of Nature and
Science, University of California Museum of Paleontology,
Santa Barbara Museum of Natural History, Central Washington
University, Northern Arizona University, Geological Museum of
the University of Wyoming, Canadian Museum of Nature, and
the Yukon Government Paleontological collections. Specimens
came from 25 U.S. states, two Canadian provinces/territories,
and Siberia. Some specimens had been formally described and
allocated to one or another of the nominal taxa M. primigenius,
M. columbi,M. jeffersonii, orM. exilis on the basis of morphology,
but many had not. We did not revise any formal allocations, even
when the basis for referral was unclear. Some specimens having
no previous allocation were examined and referred to taxon
following Maglio (1973). However, as will be evident from the
genetic results presented here, it is obvious that a re-evaluation of
the actual effectiveness of morphological bases for discriminating
taxa within Mammuthus would be useful. Locality information,
taxon, and radiocarbon ages (when available) of the specimens
yielding complete or nearly complete mitogenomes are provided
in Supplemental Table 1A.
DNA Extraction
Specimens were initially subsampled by the authors or
contributing scientists at the site of curation. Once at the
McMaster Ancient DNA Centre, specimens were handled in
dedicated ancient DNA laboratory facilities, where we further
subsampled 50–500mg of cementum, dentin, bone, coprolite,
or muscle tissue and pulverized these with a hammer to
particle sizes ranging from powder to 1–5mm fragments. A
bone specimen from a Pleistocene Mylodon darwinii was also
subsampled and included in all extraction sets in a ratio of at
least 1:16 mylodon:mammoth to serve as a negative control
for monitoring contamination (one mylodon extract for every
16 mammoth samples). Subsamples were then subjected to an
initial wash for 0.5–1.5 h in 0.5M EDTA (pH 8.0) with agitation
at room temperature, centrifuged and decanted. These pre-
washed pellets were then demineralized with EDTA overnight
at room temperature, and the supernatants removed following
centrifugation. Then the pellets were either demineralized
again or digested with a Tris-HCl-based proteinase K digestion
solution with 0–0.5% sodium lauryl sarcosine (sarcosyl,
Fisher Scientific), 0–1% polyvinylpolypyrrolidone (PVP, Fisher
Scientific), 0–50mM dithiothreitol (DTT), 0–2.5mM N-
phenacyl thiazolium bromide (PTB, Prime Organics), and
2.5mM calcium chloride (CaCl2). These proteinase digestions
were performed at room temperature overnight, or between 37
and 55◦C for 3–10 h with agitation. Following centrifugation,
the digestion supernatants were removed and in most cases
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pooled with the demineralization supernatants, although in
some cases they were kept separate. For several pellets that
remained undigested, we repeated this process, pooling with the
original rounds or keeping them separate for use in shotgun
sequencing. Organics were removed from pooled or individual
supernatants using phenol:chloroform:isoamyl alcohol (PCI,
25:24:1), and the resulting post-centrifugation aqueous solution
was again extracted with chloroform:isoamyl alcohol (25:1). We
then concentrated the final aqueous phases with 10 or 30 kDA
Amicon centrifuge filters (Millipore) at 7–10 k × g, with up to
four washes with 0.1× or 1× TE buffer (pH 7–8.5) to provide
final desalted concentrates of 25–100µL.
Quantitative PCR Screens
It has been previously shown that a short single-locus
quantitative PCR assay can be used with some accuracy to
predict on-target ancient DNA high-throughput sequencing read
counts both before and after targeted enrichment (Enk et al.,
2013). With this in mind we screened the extracts in duplicate
for a short 49 bp portion of the mammoth mitochondrial 12S
gene, using the quantitative PCR protocol in Supplemental Table
2A and employing 1µL of 0.1X concentration of the extracts
diluted with 0.1× or 1× Tween-TE (buffer TE with 0.05%
Tween-20). Successful amplification was strongly biased toward
specimens from northern latitudes and eastern longitudes, with
no specimens from Oklahoma, Texas, New Mexico, Nevada,
South Carolina or Florida yielding amplifiable DNA. Only three
of 74 specimens from California showed consistent amplification
of the 49 bp locus, with an increase in successful amplification
rates within the whole North American dataset as we moved
eastward. Specimens from deposits just south of or adjacent
to the former extent of the Laurentide ice showed good
rates of amplification, consistent with the notion that the
thermostability of their depositional contexts played a role in
long-term survival of DNA, despite relatively warm Holocene
conditions.
Library Preparation
For further treatment, in addition to Mylodon control
extractions, we chose extracts that either exhibited consistent
duplicate amplification or, alternatively, failed to amplify
consistently but were geographically or taxonomically
interesting. We purified these with MinElute columns
(QIAGEN) to 20–40µL EBT and converted them to double-
stranded, UDG-treated Illumina sequencing libraries (Meyer
and Kircher, 2010; Kircher et al., 2012) according to the
protocols in Supplemental Table 2B. Some of these resulting
libraries were then double-indexed with P5 and P7 indexing
primers (Kircher et al., 2012) and purified again with MinElute
to 13µL EBT. For most samples we screened their indexed
libraries again with the 49 bp locus; metrics on these as well
as extract qPCR values are presented in Supplemental Table
3. The majority of extracts that screened positive for the 49
bp locus were again consistently positive following indexing
and purification; the target did not amplify in any Mylodon
controls.
Targeted Enrichment
We designed a set of 100 bp baits tiled every 5 bases across six
mitochondrial genome sequences, including one representative
of each mammoth haplogroup known at the time (GenBank
Accession #NC015529, EU153447, EU153453, EU153456, and
a mitogenome that we generated early in this project from
the specimen known as Lyuba) as well as the mitogenome of
the American mastodon, Mammut americanum (NC009547).
The variable tandem repeat section (VNTR) of the D-loop was
masked with 10 Ns prior to bait design, as it is too long to resolve
with short read sequencing. In light of evidence that bait coverage
across targets can result in coverage biases in target read coverage
(Mokry et al., 2010; Enk et al., 2013), we chose not to collapse
baits of identical sequence prior to manufacture. Baits were then
synthesized by MYcroarray (Ann Arbor, MI, USA) as part of
several MYbaits targeted enrichment kits.
We used 10µL of each indexed library in 36–38 h
hybridization reactions at 48◦C following the MYbaits targeted
enrichment protocol, replacing some kit constituents with
higher concentration versions to accommodate the extra library
input volume. Phosphate-group end-blocked oligonucleotides
matching one strand of the regions flanking the 7 bp indexes
of the library adapters were included. We used 50 ng of baits
per reaction, which is at least double what we expected to be
sufficient for very sensitive capture of a target region of this
size from short ancient DNAs (Enk et al., 2013). Following
hybridization, the reactions were cleaned according to the kit
protocol except with 200µL rather than 500µL volumes of wash
buffers for each wash step to accommodate 96-well plate-format
manipulation. Hot washes were performed at 48◦C. These
enriched libraries were eluted and then purified with MinElute
to 13µL EBT, which we then re-amplified according to the
protocol in Supplemental Table 2A and again purified to 13µL
EBT.
Illumina Sequencing
Enriched libraries were pooled and sequenced on an Illumina
HiSeq R© 1500 platform using a 70 bp (“SE”-prefix libraries),
80 (“VE”- and “SVE”-prefix libraries), or 85 bp (“EE”-prefix
libraries) paired-end double-index protocol. Both cBot cluster
generation and sequencing employed the v3 chemistry and a dual
7 bp indexing protocol, using the alternative primer mixes from
the TruSeq Dual Index Sequencing Primer Kit (Paired End). We
included a dedicated control lane with the PhiX control kit v3 and
a 1% PhiX spike in each lane. Raw data were processed with HCS
version 1.5.15.1 and RTA version 1.13.48.0. File conversion and
demultiplexing using each 7 bp reverse index (requiring a 100%
match) was performed with CASAVA version 1.8.2.
Libraries with Prefix “EID”
Some of the mitogenomes analyzed in this study were generated
simultaneously with those described elsewhere (Enk et al., 2013)
and are indicated with an “EID” prefix in Supplemental Table
3. Major differences between those experiments and the ones
described here are that those libraries were prepared without
UDG treatment, index-amplified for varying numbers of cycles,
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and enriched once at 45◦C with a duplicate bait-collapsed
proboscidean mitogenome bait set.
Shotgun Sequencing
Two libraries included here (Oimyakon and Lyuba/SID04-11
and SID36-10) were prepared and indexed at the McMaster
Ancient DNA Centre and then sent to Harvard Medical School
for further processing. There, the libraries were size-selected for
inserts longer than 40 bp with gel electrophoresis, purified with
the QiaQuick Gel Purification kit (QIAGEN) and reamplified.
These libraries were then sequenced on an Illumina MiSeq R©
platform using a paired-end 75 bp single-index protocol, with
the read data post-processed using the default settings in the
MiSeq R© Control Software. For another specimen (2005/915),
four libraries generated from different extract fractions were
sequenced on an Illumina HiSeq 1500 platform using a 64 bp
paired-end double-index protocol and post-processed as with the
other HiSeq data. Data from these four 2005/915 libraries were
combined, and all shotgun read sets were then carried through
pipeline analysis of the enriched library read sets, described
below.
Data Curation
Read 1 and Read 2 sequence files were trimmed of adapter
sequence, simultaneously merged, and filtered of short reads
with SeqPrep (https://github.com/jstjohn/SeqPrep), keeping only
reads 24 bp and above (-L 24), requiring an 11 bp overlap between
paired reads (-o 11) and searching for the 13 bp universal linker
on both the P5 and P7 adapters (-A AGATCGGAAGAGC).
Merged reads were then combined with the non-mergeable
adapter-trimmed Read 1 reads for a final read dataset used
for alignment. This inclusion of unmerged reads is expected to
simultaneously inflate and deflate unique read counts, with a
bias toward deflation due to inserts of variable length potentially
mapping to identical 5′–3′ coordinates but having been only
partially sequenced by the cycle protocol employed.
Alignment and Consensus Calling
We used BWA version 0.6.1-r104 (Li and Durbin, 2009) to align
reads to aM. columbimitochondrial genome sequence (GenBank
Accession #NC015529) using the parameters described in
Schubert et al. (2012). We then collapsed reads with identical
5′ and 3′ coordinates and strand, keeping reads with the
highest mapping quality scores, to generate final unique read
alignments. Alignments were then inspected in Geneious Pro
version R6.1.6 (Kearse et al., 2012), and consensuses were
generated for positions covered by at least 3 unique reads,
while positions with fewer than 3 unique reads coverage were
called as N. We repeated this process for the 3′–5′ junction
of the mitochondrial genome as well as the regions flanking
the VNTR to resolve as many positions as possible. Strict
consensuses were called requiring more than 50% of reads
for each base to match. Consensus sequences were combined
with a number of other complete mammoth mitogenome
sequences previously published (Supplemental Table 1B), then
aligned to an Elephas maximusmitogenome sequence (GenBank
Accession #EF588275) in Geneious and manually adjusted at
apparently misaligned regions, referring back to the original
read alignments to confirm the proper configuration. The
final to-Elephas alignment served as input for phylogenetic
analysis.
Second-Round Enrichment and
Sequencing
Mitogenomes were considered “complete” if at least 90% of
bases were covered by at least 3 unique reads. Several libraries
did not provide this after the first round of enrichment and
sequencing, and so for these we reconstructed complexity curves
to gauge whether all unique mitochondrial molecules had been
characterized in the first round. To do this we first converted
the pre-collapsed alignments to BED files with BEDOPS version
2.2.0 (Neph et al., 2012) and then randomly sampled these
in 1% increments and collapsed to unique reads. In cases
where the complexity curves had reached plateau, we calculated
whether the mitogenome could be obtained by enriching and
sequencing the second half of the original libraries, or whether
residual extract itself would have to be re-prepped, enriched
and sequenced. In cases where the complexity curves had not
reached plateau but were non-linear, we used preseq version
0.0.3 (Daley and Smith, 2013) to predict the unique read yield
with deeper sequencing. In cases where sufficient numbers of
unique molecules could be obtained with an economical amount
of additional sequencing, we sequenced these libraries further
in a second Illumina run (“SSE”-prefix) or indexed more of
the original library and enriched them once (“SSEP/D####”
format). In cases where very deep sequencing would be required
for resolving the mitogenome to sufficient depth, we enriched
these libraries again using a protocol identical to that of the
first round. These doubly-enriched libraries were then sequenced
again (“SVEP/D##” name format), with mapping rates after this
second round in Supplemental Table 3. Reads from the same
specimen were then combined, and the read alignment, collapse,
consensus generation, and final alignment were repeated.
AMS Radiocarbon Dating
Specimens yielding complete or near-complete mitogenome
sequences that had not been previously AMS 14C-dated were
further subsampled. Collagen from these specimens was then
extracted and purified at the University of Western Ontario
and AMS radiocarbon-dated at University of California, Irvine
(Beaumont et al., 2010). Radiocarbon ages are included in
Supplemental Table 1A (used for temporal analyses). Some
specimens (ISM01, UCMP04, UCMP17, UNSM08, UNSM42,
and UW20579) yielded atomic carbon:nitrogen ratios >3.5,
which may be indicative of carbon contamination, but for the
purposes of this study we treat the estimated ages of these
samples as appropriate estimates of their geological ages. To
calibrate radiocarbon dates to calendar years we used OxCal 4.2
(Ramsey and Lee, 2013) with the IntCal13 (Reimer et al., 2013)
calibration curve, reporting the median calendar date estimates
in Supplemental Table 1A even in cases where they were beyond
the range of calibration.
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Maximum Likelihood Tree Estimation
We used jModelTest 2 (Darriba et al., 2012) to choose the
nucleotide substitution model (with 5 gamma-rate categories)
that best fit our mitogenome alignment according to the
corrected Akaike Information Criterion (AICc, Hurvich and
Tsai, 1989) for the final alignment of our 67 new complete
mitochondrial genome sequences and 21 previously-published
elephantid mitogenome sequences. We then used IQ-TREE
version 0.9.6 (Minh et al., 2013) on the full dataset to estimate a
maximum likelihood (ML) tree, using the jModelTest-estimated
AICc bestmodel (GTR+I+G5) gamma distribution (-a 0.568) and
proportion of invariant sites (-i 0.579). One hundred bootstrap
iterations were performed (-b 100). We then estimated the
Bayesian posterior probability support for the nodes in the ML
consensus tree using BEAST version 1.8 (Drummond et al., 2012)
forcing monophyly within Mammuthus, a calibration-free strict
clock (and a strict clock) and a general time-reversible model
with a proportion of invariant sites and a gamma distribution
on the substitution rates (GTR+I+G) with 5 gamma categories,
and broad uniform priors on both kappa parameters and the
alpha parameter (0–1000 and 0–10, respectively). We ran this for
10M generations sampling every 1 k generations, and following
a 10% burn-in the posterior distribution of the tree likelihood
securely converged with an effective sample size of 2310. Priors
and posteriors for these analyses are in Supplemental Table
4. We then annotated the BEAST-estimated trees to the ML
tree using treeannotator. The ML tree with nodal bootstrap
and posterior probability support is depicted in Figure 2. We
repeated this process with an alignment that included the partial
mitochondrial genome consensuses called requiring a minimum
of either 3× or 2× unique depth, depicted in Supplemental
Figure 1.
Mutation Rate and tMRCA Estimation
To evaluate the temporal signal in our data we performed several
10 M-generation date randomization tests (Ho et al., 2008) in
BEAST on an alignment including only those specimens with
finite AMS 14C dates, the best model for which was again
chosen according to the AICc in jModelTest 2 [Tamura-Nei
(Tamura and Nei, 1993)+ I + G]. These analyses used only the
median calibrated ages of the samples as single-point calibration
points (“tips-only” calibration scheme). Each of the 95% highest
posterior densities (HPDs) of the estimated mutation rates using
shuﬄed tip dates fell outside of the HPD of that rate when using
the actual tip dates, suggesting strong temporal signal in the data
(Supplemental Figure 2).
To estimate the times to most recent common ancestry
(tMRCAs) as represented by the various nodes in the
reconstructed phylogeny, we performed a series of BEAST
analyses under a tips-only scheme as well as two other calibration
schemes that used internal nodal calibrations gleaned from fossil
record chronology. In one, we used the age of the estimated
Elephas-Mammuthus split for temporal calibration (“root only”),
based on the value estimated by Rohland et al. (2007) as a
normal prior distribution centering on 6.7 Ma with a standard
deviation of 0.5 Ma. In a third scheme, both this root prior and
individual tip priors were used (“root + tip”). In all cases the
TN+I+G model was employed with an uncorrelated lognormal
clock and constant population size prior. Prior distributions, the
numbers of generations used, mean posterior values, 95% highest
posterior density bounds (HPDs), and posterior effective sample
sizes on all relevant parameters are indicated in Supplemental
Table 4.
We performed another series of temporal analyses using a
single additional sample, CMNH40031, a tooth found in situ at
an Old Crow River (Yukon) locality below a prominent volcanic
ash. This horizon is estimated to be at least MIS7 (∼200 kya) in
age and likely even older, but on the basis of its paleomagnetism,
younger than 780 kya (Westgate et al., 2013). Therefore, we
assigned a conservative tip date to this specimen of 200 kya to
gauge its effect on the tMRCA estimates.
Bayesian Skygrid Analyses
In order to explore potential population size dynamics recovered
from the mitogenome phylogeny, we performed a series of
Bayesian Skygrid (Gill et al., 2013) analyses using the mammoth
sequences alone. For temporal calibration we employed two
separate calibration schemes. In one, tip dates alone were used.
In another, internal nodal dates estimated from the tMRCA
analyses with Elephas included (above section) were used as
nodal temporal priors in addition to tip dates. All other priors
were identical to those used for tMRCA estimations (where in
common). In addition to using the alignment with all finite-dated
mammoth specimens, we also performed individual analyses to
compare trajectories between each member of three separate
paired groups: (1) specimens from northern (Alaska, Yukon, and
Siberia) vs. southern localities (2) periglacial (northern and Great
Lakes specimens) vs. temperate localities, and (3) Old World
vs. New World localities. Analyses used the substitution model
identified in jModelTest for each individual partition and were
run for a sufficient number of generations for convergence of all
group size posteriors, with final ESS values of 200 or above. The
results of these analyses are tabulated in Supplemental Table 5
and depicted in Figure 3.
RESULTS AND DISCUSSION
Final Data Set
We extracted DNA from 234 Mammuthus specimens from
sites broadly representing the mid-latitudes of North America
(west coast, mountain west, Great Plains, Great Lakes, and
east coast). The specimen set included nominally identified M.
primigenius and several members of the Columbian complex of
taxa: M. columbi (Columbian mammoth), M. exilis (Channel
Islands pygmy mammoth) and M. jeffersonii (Jeffersonian
mammoth) (Figure 1). All extracts were screened with a 49
bp proboscidean mitochondrion-specific quantitative PCR assay.
Specimens that exhibited consistent amplification or were of
particular geographic interest were then converted to Illumina
sequencing libraries, enriched once or twice, and sequenced.
Of the 276 DNA extracts we screened (including multiple
extracts from some individuals), 78 lower-latitude samples (33%)
amplified, whereas 37 (88%) of the northern specimens amplified.
From this set we generated 67 complete or nearly complete
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FIGURE 1 | Site locations represented in this study and schematic models ofMammuthus immigrations into North America. Sites in both the Old (A) and
New (B)Worlds are depicted. Conventionally, two mammoth species have long been recognized in the Late Pleistocene fossil record of North America, the Columbian
mammoth Mammuthus columbi and the woolly mammoth M. primigenius. Some authors support the hypothesis that these species developed from different
ancestral taxa within Mammuthus, the southern mammoth M. meridionalis giving rise to the Columbian mammoth, and the steppe mammoth M. trogontherii to the
woolly mammoth. In contrast to this dual-source model, the single-source model posits that both M. columbi and M. primigenius descended from M. trogontherii, but
at different times and from different geographical populations of the latter species (see text) (C). The mitogenomic evidence explored in this paper is more consistent
with the single-source hypothesis.
mitogenome sequences (defined as>90% of the genome, covered
to at least 3× unique read depth) as well as more than a dozen
partial mitogenomes (defined as 10–90%, covered to at least
3× unique depth). Of these, 57 are from mammoths found at
sites south of 51 degrees north latitude, which is slightly north
of the existing USA-Canada border. We combined these with
previously-published complete mammoth mitogenomes (Krause
et al., 2006; Rogaev et al., 2006; Gilbert et al., 2007, 2008; Enk et al.,
2011) for a final dataset of 87 complete mammoth mitogenome
sequences, 68 of which have finite direct AMS radiocarbon dates.
Localities represented by this combined dataset are depicted
in Figure 1, with other sample information and experimental
results available in Supplemental Tables 1, 3.
Mitogenome Phylogeography
Using the full set of complete mitochondrial genomes and
an Asian elephant (E. maximus) mitogenome sequence as
an outgroup, we generated a maximum likelihood tree with
100 bootstrap iterations, and further estimated its Bayesian
posterior probability support. The resulting phylogeny is
depicted in Figure 2, with the morphology-based nominal
taxonomic designations of each specimen indicated along with
their geographic origin.
The woolly mammoth portion of the revealed matriline
topology is largely consistent with previous estimations using
both short cytochrome b-HVR sequences (Barnes et al., 2007;
Debruyne et al., 2008; Palkopoulou et al., 2013) and complete
mitochondrial genomes (Gilbert et al., 2008; Enk et al., 2011),
indicating at least three highly divergent matrilines (Clades I,
II, and III). The mitogenomes of all non-woolly mammoths
sampled here fall within Clade I, with most sharing a most
recent common ancestor with the majority of attributed woolly
mammoth samples from North America. For ease of discussion,
we name a new haplogroup (F) that comprises the majority
of the mitogenomes within this predominantly southern group,
excluding only the Columbian and indeterminate mammoth
specimens from Bindloss, Alberta and San Antonio Creek,
California, which stem from a more basal position in the Clade I
phylogeny.Whenwe generated aML tree using several additional
partial mitochondrial genomes that we reconstructed, including
those of a pygmy mammoth (M. exilis) and an unallocated
specimen from the coast of Washington, we found that the
basal root of the Californian lineage is not likely to be spurious
(Supplemental Figure 1). This feature and the high overall
diversity of North American lineages is consistent with the
“Out of America” model (Debruyne et al., 2008), which suggests
that the extremely widespread and last-surviving Old World
woolly mammoth matrilines, haplogroups D and E, descended
from a North American female ancestor. More genetic data are
necessary from both the Old and New World to further test this
hypothesis.
Among the exclusively North American constituents of Clade
I, there is a clear geographic and morphological structure
underlying the degree of mitogenome relatedness. Haplogroup
C, previously identified within Beringian woolly mammoths,
extends well into southern latitudes but is largely restricted
to regions that were periglacial during the Pleistocene (Great
Lakes and northeast coast, where woolly mammoths are the
most abundant taxon identified paleontologically, Fisher, 2009).
In turn, haplogroup F is essentially limited to the Great
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FIGURE 2 | Maximum Likelihood tree with spatial distribution of samples and clades, and posterior distributions of estimated times to most recent
common ancestry for three nodes. Tree generated with a 100-bootstrap analysis in IQ-TREE using the nucleotide substitution model, alpha, and invariant site
proportion parameters chosen by the corrected Akaike Information Criterion (AICc) in jModelTest. A mitogenome sequence of Elephas maximus (Asian elephant) was
used as an outgroup, but is removed from this depiction. Nodal support was further assessed with a Bayesian coalescent approach in BEAST. Bootstrap and
posterior probability support are depicted as (bootstrap)|(posterior). Tip names follow those in Supplemental Table 1A and are color-coded by location, as depicted on
the upper map. Clades discussed in the text are shaded by color, and their distribution is depicted on the lower map. Posterior distributions of times to most recent
common ancestry (tMRCA) estimated under three different temporal calibration schemes are depicted near the nodes marked with yellow stars. Mean tMRCA
estimates label each distribution.
Plains, mountain west and west coast, consistent with the
paleontological predominance of Columbian mammoths in
these regions. However, mitogenomic relatedness and region of
occurrence do not always correspond. For instance, the Hughes
and Wyanet mammoths were found in periglacial regions
but have mitogenomes more typical of Great Plains groups.
Interestingly, both of these have been taxonomically identified
as Jefferson’s mammoths on the basis of dental and/or cranial
traits that are essentially morphologically intermediate between
M. primigenius and M. columbi (Skeels, 1962; Saunders et al.,
2010). These, together with the occurrence of several other
morphologically intermediate animals in haplogroups C and F,
are consistent with the notion that extensive gene flow occurred
between the two dominant morphs, probably at savanna-steppe
ecotones.
Chronology and Mammoth Biogeography
Estimated times of most recent common ancestry (tMRCAs)
in mammoth phylogeny have been used to infer the
chronology of population processes. Early studies used
only the paleontologically-estimated split between Elephas
and Mammuthus or even deeper paleontological divergences
to calibrate the mammoth molecular clock (Ozawa et al.,
1997; Rogaev et al., 2006; Rohland et al., 2007). More recent
studies use Bayesian coalescent-based approaches that take into
account the absolute ages of the samples themselves (“tip dates”)
(Barnes et al., 2007; Debruyne et al., 2008; Gilbert et al., 2008;
Palkopoulou et al., 2013). However, different investigators have
used tip dates in different ways, based in part on the assumed
taxonomic identity of the reconstructed nodes. In some studies,
only tip dates have been used to estimate the age of nodes
deeper in the mammoth tree (Barnes et al., 2007; Palkopoulou
et al., 2013); in others, both the age of the Elephas–Mammuthus
split and the tip dates have been combined to calibrate the
molecular clock (Debruyne et al., 2008; Gilbert et al., 2008). Each
approach returns very different chronologies of cladogenesis,
and consequently suggests very different timing and taxonomic
contexts of corresponding population processes.
To illustrate the impact that each calibration method has on
the inferred cladogenic chronology, we used BEAST to estimate
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FIGURE 3 | Species/morphological tree schematics. Schematic versions
of the estimated mitochondrial phylogeny are overlain on hypothetical
species/morphological trees. One version (A) is consistent with the chronology
estimated with a root+tip calibration scheme and a paleontological model
where observed M. columbi lineages descend independently from North
American M. trogontherii. The other (B) is more consistent with a tips-only
calibration scheme; it assumes that the common ancestors of lineages
reconstructed to date are taxonomically M. primigenius, and that some of
them replaced an unobserved but once extant matriline of Columbian
mammoths (dashed line). Both models assume nuclear gene interchange
between divergent lineages that resulted in morphological similarity;
convergence is not entertained.
the ages of various nodes using all three calibration schemes,
restricting the analysis to specimens with finite radiocarbon
ages. In Figure 2 we include the marginal posterior densities
of the estimated dates for three key nodes in the phylogeny.
Our estimates are similar to those of other studies with similar
calibration schemes. Which approach is ‘correct’, however, is not
immediately clear. The apparent time-dependency of molecular
rates (Ho et al., 2005, 2007) is potentially influenced not
only by actual biological and demographic processes (such as
purifying selection and variation in generation times, though see
Woodhams, 2006), but also by the sampling schemes utilized,
both in terms of the number of samples and information content
of the DNA sequences analyzed (Emerson, 2007; Bandelt, 2008;
Debruyne and Poinar, 2009). Our date randomization tests using
tip dates alone (Supplemental Figure 2) suggest a strong temporal
signal in our data. However, estimations of deeper tMRCAs using
tip dates alone are very sensitive to the distribution of the tips
in time. Importantly, when we include the mitogenome of a
mammoth that is stratigraphically estimated to be minimally 200
thousand years old (CMNH40031, from the Old Crow River)
(Sher et al., 2005) in a tips-only analysis, it increases the mean
nodal date estimates in Figure 2 by up to 34% (+∼28 thousand
years for tMRCA of Clade I; 99 ky for Clade III, and 107 ky
for all mammoths). We suspect that additional deep temporal
sampling would push these dates back even further were tip
dates alone used for mutation rate calibration. By the same
token, this suggests that older samples and additional data (e.g.,
nuclear genomic sequences) may be necessary to firmly date these
divergences.
As noted in the Introduction, one of the primary goals
of this study was to determine whether the apparently close
mitogenomic affinity of Columbian mammoths to North
American woolly mammoths was typical rather than exceptional
(Enk et al., 2011). Here we present good evidence that it is
the former, which we suggest impacts both the taxonomic
and chronological interpretation of mammoth mitochondrial
phylogeny as reconstructed to date.
Assuming that Columbian mammoths descended from an
early Irvingtonian immigrant to North America (Agenbroad,
2005; Lister and Bahn, 2007), putativelyM. trogontherii according
to the single-source hypothesis (Lister and Sher, 2015), and that
the pattern of diversity points to a North American origin of
Clade I, we find that the most parsimonious reconciliation of
the genetic evidence with the paleontological record requires the
conclusion that the mitochondrial tMRCA is much more ancient
than a tips-only calibration scheme would estimate. As depicted
in Figure 3A, we suspect that the initial divergence of early Clade
I from Clades II+III occurred at approximately the time that M.
trogontherii is inferred to have entered North America, with the
independent trajectories of Clade I and Clades II+III ultimately
leading to the appearance of the morphs conventionally named
M. primigenius andM. columbi. This necessarily implies that the
morphological identity of Clade I mammoths as M. primigenius
is the consequence of an introgression event (or events) that
introduced woolly mammoth morphology into North America,
but left little matrilineal evidence. It is possible that this
morphology was carried into North America by Clade III
mammoths, which were nearly as widespread as last-surviving
haplogroups D and E of Clade I.
Despite the clear influence of preferred sampling scheme
on tips-only dating, we cannot completely rule out the more
recent chronologies suggested by that calibration scheme. Thus,
it is possible that the close mitogenomic affinity of woolly
mammoths to the Columbian mammoths we sampled here is
the consequence of a massive replacement event (Figure 3B). In
this scheme, which was emphasized in a previous investigation
(Enk et al., 2011), the ancestral Columbian mammoth matriline
remains unsampled by our dataset, but Columbian mammoth
morphology was retained as a result of invading woolly
mammoths interbreeding with resident descendants of M.
trogontherii. A more thorough sampling of older mammoths
from areas further from the Laurentide ice margin may yet
uncover such amatriline. However, if it existed at all, its estimated
antiquity would itself become an interpretive problem: would
such a matriline have diverged within the timeframe usually
accepted for the entry of M. trogontherii into North America, or
would it be too “early” (i.e.,> 1.5 Ma), thus requiring yet another
inference that it descended from a still earlier—and apparently
morphologically unidentifiable—immigrant.
Population Size Dynamics
In previous investigations, reconstructed population size
trajectories of subarctic woolly mammoths indicated that they
experienced relatively constant population sizes throughout the
Late Pleistocene on both sides of the Bering Strait (Debruyne
et al., 2008). In reconstructions that include Holocene sequences
from Wrangel Island, trajectories unsurprisingly indicate a
decline in population size shortly before continental mammoths
go extinct (Nystrom et al., 2010; Palkopoulou et al., 2013).
To explore how adding our mitogenomes affects population
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size reconstructions, we performed Bayesian Skygrid analyses
(Gill et al., 2013), first using the complete dataset of mammoth
mitogenomes and then dividing the dataset according to three
geographical or ecological partitions. We used two calibration
schemes for temporal estimation: tips-only (Figure 4) and nodes
+ tips (Supplemental Figure 3).
While the HPDs are exceptionally broad in our reconstructed
trajectories (Figure 4), there is some indication that mammoth
population size increased prior to the end-Pleistocene decline.
Comparing regional/ecological partitions shows that the New
World samples drove this increase, while the Old World
and periglacial groups remained relatively constant in size.
Interestingly, in this reconstruction the population increase south
of the ice roughly coincided with a slight (and potentially
illusory) decline in northern populations, possibly suggesting
complex responses on the part of mammoth populations to the
same global climate background. In most temporal calibration
and partitioning schemes, this coincident increase in southern
populations and decrease in northern populations apparently
correlates with the Last interglacial (MIS 5 sensu lato; in Eurasia,
the Eemian), which was followed by the Wisconsinan glacial
stage in North America. The southern partitions also apparently
drove the detected decline following this increase, which is
consistent with the inferred extinction chronology in Beringia vs.
continental North America (Stuart et al., 2002; Agenbroad, 2005).
However, in addition to having broad HPDs, we find
that both the shape and chronology of the reconstructed
trajectories are likely biased by a number of variables, and
thus should be interpreted with caution. Not only do the
Skygrid projections reflect the nodal topology of the tree
(i.e., a long branch descending from the root to Clade I,
followed by widespread cladogenesis), but potentially they
could also follow the distribution of radiocarbon dates in this
study, at least qualitatively, although recent data may suggest
otherwise. Where the sampling distribution and estimated
population sizes do not correspond, samples come from the
same location and appear mitogenomically closely related
(e.g., Dent, Colorado, and Big Bone Lick, Kentucky). More
thorough sampling across both time and space may uncover
less (or more) distinct population histories in the populations
sampled here. In addition, and as alluded to previously, in
some cases the partitioning scheme has a substantial impact
on the chronology of the trajectories (Supplemental Figure 3,
trajectories from high vs. low-latitude or periglacial vs. temperate
schemes).
CONCLUSIONS
The patterns of cladogenesis and mitogenomic diversity
documented here point to a complex genetic history of
mammoths in North America, one likely characterized by
bouts of limited local divergence followed by introgression
and appearance of hybrid morphologies. By confirming that
Columbian mammoths most likely descended from the same
matrilines that were previously observed in woolly mammoths,
we provide evidence supporting an ancient chronology for
FIGURE 4 | Bayesian Skygrid analyses of the whole dataset and under
three partition schemes. Each projection was estimated in BEAST using the
partition-specific best model indicated by the AICc in jModelTest. Trees
adjacent to each Skygrid are color-coded by which specimens were included
in the individual projections. “High”-latitude samples are those from the Old
World and Alaska and the Yukon, while “low”-latitude samples are those from
the Great Lakes, east coast, Great Plains, mountain west, and west coast.
“Periglacial” samples are those in high latitudes as well as the Great Lakes and
east coast, contexts near the Laurentide ice sheet during the Late Pleistocene,
while “temperate” specimens are the rest. All Skygrid population sizes are
associated with posterior effective sample sizes >200.
both this and our previous concept of mammoth mitogenomic
phylogeny. This concept is broadly consistent with the revised
paleontological view of mammoth evolution in the New World
(Lister and Sher, 2015), which regards all nominal North
American taxa as derived from populations of M. trogontherii,
despite marked differences in terminal taxa in traditionally
emphasized aspects of molar morphology. What this means
for mammoth systematics is still unclear. Are columbi and
primigenius still to be regarded as “good” species if they were
capable of introgressing despite a possible million-year difference
in their divergence times from trogontherii ancestors? Or is this
lengthy difference illusory? The now well-established finding
that mammoths on both sides of the Bering Strait underwent
dynamic population histories — including various periods of
immigration, introgression, and replacement — throws into
question traditional species designations (Debruyne et al., 2008;
Gilbert et al., 2008; Palkopoulou et al., 2013). This point also
applies to making assumptions about unidirectional change
in morphological attributes, a highly unlikely proposition
Frontiers in Ecology and Evolution | www.frontiersin.org 10 April 2016 | Volume 4 | Article 42
Enk et al. Mammoth Evolutionary History in North America
now that hybridization between supposedly long-separate
lineages of North American mammoths has been adequately
demonstrated. Although geographically broader and temporally
deeper sampling of mitogenomes might help clarify the exact
biogeographic processes underlying mammoth evolution in
North America, it is obvious that we need nuclear sequence
data to directly test specific introgression scenarios, and
perhaps improve estimates of the timing of various divergence
and introgression events. Fortunately, extraction and library
preparation of very degraded DNA (Dabney et al., 2013; Orlando
et al., 2013; Meyer et al., 2014), targeted DNA capture (Briggs
et al., 2009; Burbano et al., 2010; Ávila-Arcos et al., 2011;
Carpenter et al., 2013; Wagner et al., 2014), and ancient DNA
bioinformatic analysis (Schubert et al., 2012) have experienced
tremendous improvement in recent years. As these technologies
continue to improve, we can expect to see genetic data from
more mammoth specimens preserved in less DNA-friendly
taphonomic contexts like the ones analyzed here, thereby
helping to more thoroughly document mammoth population
responses to, and effects on, the now-extinct Pleistocene
environment.
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